Introduction
In order to analyze brain function or to develop medical treatments for brain diseases, high density recording of neuronal action potentials is strongly required. In the past few decades, various types of Si electrodes have been developed to record neuronal signals from the brain of animals [1] [2] [3] [4] . We have proposed an implantable neural probe system which we call the Brain Signal Processing System (BSPS) [4] . Figure 1 shows the configuration of the BSPS. In this system, LSI chips such as amplifiers (AMPs), A/D converters (ADCs), and multiplexers (MUXs) are integrated on a microelectrode.
In this work, we propose a novel Si double-sided microelectrode which can be used as the platform of the BSPS. We fabricated carefully-designed microelectrode, and we evaluated electrical characteristics of fabricated microelectrode. Furthermore, we performed in-vitro experiments of recording the neuronal signal on CA1 region in a hippocampal slice.
Proposal and fabrication of Si double-sided microelectrode
Si electrodes have been widely used because Si is highly biocompatible material and Si electrodes can be fabricated by using an advanced CMOS processes. However, number of neurons that can be observed by using conventional Si electrodes is limited, and neurophysiologist cannot also observe 3-D distribution of neurons due to smaller number of recording sites. Additionally, considering neuron damages by Si electrodes, further improvement of Si electrode has been demanded. To solve these problems, we propose a novel Si double-sided microelectrode which has recording sites on both frontside and backside of Si. The overall structure of the Si double-sided microelectrode is shown in Fig. 2 . Backside recording sites are connected to recording apparatus by wire bonding through Si via. By placing recording sites on both sides, high density 3-D recording of action potentials can be realized. As shown in Fig. 2 , this microelectrode has 4 shanks with a pitch of 300 µm. Each shank has 4 recording sites on both sides. To analyze a deeper part of the brain such as basal ganglia, the microelectrode has a length of 40 mm. The width and thickness were 100 µm and 100 µm, respectively. Recording sites are made of gold with circular pattern. Diameter of circular pattern is 15 µm and the distance between two patterns is 40 µm in center to center. At the ends of the microelectrode, bonding pads for connecting to external measuring apparatus were formed. Our microelectrode was fabricated by combining standard photolithography with bulk micromachining process. Figure 3 shows the photographs of fabricated microelectrode. The microelectrode was mounted on a printed circuit board to connect with the recording apparatuses by wire bonding for backside pads, as shown in Fig. 4 . We controlled looping configuration of wire bonding. It was confirmed that backside pad and printed circuit board were connected certainly.
Neuronal action potential recording using Si double-sided microelectrode
In order to characterize the interface between recording site and electrolyte, we measured electrical impedance of fabricated Si double-sided microelectrode before animal experiments. Measurements were performed with the frequency ranging from 100 Hz to 10 MHz using the 10 mV AC sine signal in 0.9 % saline solution. Ag/AgCl electrode and Pt electrode were employed as a reference electrode and counter electrode, respectively. Figure 5 shows the impedance characteristics of the fabricated microelectrode. While frontside recording site has the impedance value of 2.5 MΩ at 1 kHz, backside recording site has the impedance value of 2.7 MΩ at 1 kHz. It is indicated that both sites have almost the same electric characteristics.
We performed the in-vitro experiment of neuronal action potential recording using fabricated Si double-sided microelectrode. The experiments were authorized by the committee for experiment on animal of Graduate School of Information Sciences, Tohoku University. Multiple neuronal potentials were recorded from CA1 area of 400-μm-thick hippocampal slice obtained from the brains of guinea pigs (200 -250 g). Figure 6 shows the photograph of the microelectrode inserted into CA1 area of the hippocampal slice. As shown in Fig. 7 , we successfully 
